We investigate the impact of hydroxyl groups on the properties of C 60 (OH) n systems, with n = 1, 2, 3, 4, 8, 10, 16, 18, 24, 32 and 36 by means of first-principles density functional theory calculations. A detailed analysis from the local density of states has shown that adsorbed OH groups can induce dangling bonds in specific carbon atoms around the adsorption site. This increases the tendency to form polyhydroxylated fullerenes (fullerenols). The structural stability is analyzed in terms of the calculated formation enthalpy of each species. Also, a careful examination of the electron density of states for different fullerenols shows the possibility of synthesizing single molecules with tunable optical properties.
Introduction
The unusual properties of fullerenes continue to be an issue of considerable interest, despite their continuous experimental and theoretical studies since the mass spectroscopic detection of C 60 in 1985 [1] . Nowadays, water-soluble fullerenes have been considered as promising materials in different areas [2] [3] [4] . These systems are particularly exciting in the context of chemical functionalization [5] , which is rapidly increasing towards biological and materials applications [6] [7] [8] [9] [10] [11] . Recently, a great deal of biological activity of hydroxylated C 60 or C 60 (OH) n , so-called fullerenols, has been reported [12] [13] [14] [15] [16] . Usually, these molecules exhibit different cytotoxic actions in cell lines [17] [18] [19] [20] [21] depending on the number of hydroxyl groups attached to the fullerene cage. In a diverse fashion, the optical properties of molecular films based on fullerenols have been investigated aiming at efficient polymer-fullerene solar cells [22] . Also, the possibility of having highly hydroxylated fullerene cages is directly related to the design of new materials with tunable optical properties [23] [24] [25] .
The chemical modification of fullerenes by incorporating OH groups on their carbon surface yields a variety of polyhydroxylated structures [C 60 (OH) n ] exhibiting different degrees of solubility and antioxidant activities in the aqueous environment [18, 19, [26] [27] [28] . These characteristic features clearly reveal the complexity of both the geometric and electronic structures of fullerenols [29] [30] [31] . Thus, their electronic properties and reactivity will strongly depend on the OH number, as well as its precise position on the carbon cage. Despite having relatively simple chemical routes to synthesize fullerenols [32, 33] , analytical techniques capable of determining the exact hydroxyl disposition onto the fullerene surface is still lacking. It is thus worthwhile to provide additional information about the precise structure beyond the experimental evidence. In this sense, appropriate first-principles calculations emerge as a reliable method to efficiently identify the structure of these polyhydroxylated C 60 derivatives based on their electronic properties analysis.
Another important aspect concerning fullerenols is related to their high reactivity in the aqueous environment. As recently shown by Pickering and Wiesner [28] , these molecules can work as efficient photosensitizers of reactive oxygen (e.g. singlet oxygen and superoxide) under ultraviolet irradiation. Conversely, highly hydroxylated C 60 may also behave as free radical scavengers or antioxidant agents [17] [18] [19] , reducing the reactive oxygen species formation. Indeed, the mechanisms behind the reactivity of C 60 (OH) n are still rather incomplete from the electronic structure viewpoint. Therefore, high level theoretical investigations on the structural and electronic properties are highly desirable. This is the aim of this paper. First, we employ first-principles density functional theory (DFT) methods to obtain fully relaxed minimum energy structures of fullerenols with various degrees of hydroxylation. Second, we examine their electronic properties as a function of coverage and spatial distribution of hydroxyl groups. Finally, the reactivity and tunable optical properties are investigated from the electronic states of the fullerenols.
Methods and calculations
The specific behavior of fullerenols is determined by their structural flexibility, which is due to the rotation of the OH groups around the axes going through the C-O bond and the distribution of these groups onto different carbon sites of the fullerene surface. For this reason, the determination of the global minima represents a rather difficult task. More exactly, very efficient searching procedures would be required to scan the whole potential energy surfaces (PES). Of course, the localization of all stationary points on the PES is beyond the capability of ab initio geometry optimizations. Thus, we select representative low energy configurations of C 60 (OH) n , with n = 1, 2, 3, 4, 8, 10, 16, 18, 24, 32 and 36. These are obtained by performing DFT calculations within the gradient-corrected approximation (GGA) with the BLYP proposal [34, 35] , as implemented in the SIESTA program [36] . The nonlocal norm-conserving scalar Troullier-Martins pseudopotential has been used and the Kohn-Sham (KS) eigenstates are expanded using a linear combination of numerical atomic orbitals (NAO), representing a basis set with double-ζ quality and polarization function (DZP) [37] . An equivalent plane-wave cutoff radius of 200 Ry for the grid integration is utilized. Structural optimizations are performed until the residual force on each atom becomes smaller than 0.01 eVÅ −1 . Only the -point in the Brillouin zone has been sampled in these calculations. In order to obtain good estimates for the enthalpy of formation, we re-optimize the fullerenol structures within the all-electron scheme using the hybrid GGA B3LYP functional [38, 39] combined with the 6-31G(d,p) basis set. This level of theory is performed employing the GAUSSIAN 03 program [40] . The vibrational frequencies are calculated within the harmonic approximation, from which we obtain the zero-point vibration energy corrections. Thus, we have calculated the enthalpy of formation ( H F ) for the different structures as follows:
where E C 60 (OH) n is the total energy of the hydroxylated fullerene, E C 60 is the total energy of the bare fullerene and E OH is the total energy of an isolated hydroxyl, all of them including contributions from translational, rotational and vibrational motions, and thermal correction at 298 K and 1 atm.
Results and discussion
The optimized structures of our hydroxylated fullerene systems are shown here and in the supplementary data (figure S1 available at stacks.iop.org/Nano/19/365703). Here, in figure 1 (top) we show a general aspect related to fullerenes containing an odd number of hydroxyl groups (i.e. electron open-shell fullerenols). For example, analyzing the KS electron states from the density of states (DOS) of the electron open-shell C 60 OH system, we notice a dangling bond in the nearestneighbor carbon atom belonging to a pentagon ring (left top side). This is supported by the corresponding DOS plotted in figure 1 (top), where a localized electron state of p character appears in the Fermi energy level (vertical dashed lines). In fact, the OH adsorption induces a notable redistribution of charge on the C 60 cage, increasing its chemical reactivity. The carbon atom directly involved in the binding process loses electron density to the OH group, as well as to the carbon atoms around the adsorption site. It is also possible to observe a similar pattern in C 60 (OH) 3 (see figure S2 in the supplementary data (available at stacks.iop.org/Nano/19/365703)). Actually, when we saturate C 60 OH by incorporating a second OH group the localized state is removed from the gap. This can be clearly realized in the DOS displayed in figure 1 (bottom) . Interestingly, the removal of electron states from the Fermi level does not depend on the location of the second OH group on the carbon cage. This is mainly attributed to the π-bond reconstruction by electron delocalization following the adsorption of a second hydroxyl group. As expected for exohedral fullerene-doped compounds, we have obtained that an adsorbed OH group on the fullerene surface causes an appreciable perturbation in the geometry of the fullerene cage. The lengths of the nearest-neighbor C-C bonds to the OH-adsorbed site are increased by approximately 0.1Å compared to the ones around nonadsorbed carbon atoms. At the BLYP/DZP level, the relaxed C-O and O-H bond lengths are, respectively, 1.469 and 0.992Å, along with a C-O-H angle of 106.8
• in the C 60 OH molecule. By re-optimizing the geometry with the all-electron B3LYP/6-31G(d,p) method, the C-O and O-H bond distances decrease, respectively, to 1.431 and 0.969Å, while the C-O-H angle gives a very near value of 107.4
• . The addition of a second hydroxyl directly on the carbon containing the dangling bond leads to an OHantisymmetric C 60 (OH) 2 configuration (figure 1, bottom), with an O · · · O bond distance of 2.542Å, by using B3LYP/6-31G(d,p). Now, the C-O and O-H bond lengths and the C-O-H angle are, respectively, 1.427, 0.970Å and 106.5
• . The C-C bond length between the two OH-adsorbed sites is 1.623Å, which is 0.2Å larger than the nonadsorbed equivalent bonds, exhibiting pentagonal vertices tilted away from the surface with dihedral angles around 12
• . The present theoretical findings suggest that the electronic properties of fullerenols can be tuned by tailoring both the OH number and disposition on the fullerene surface. Therefore, it is even interesting to analyze these properties by considering higher hydroxylated fullerenes (figure 2). For instance, by increasing the fullerene coverage to 8 OH groups we can observe, from the DOS (figures 3(a) and (b)), electronic states with essentially carbon p character in the HOMO-LUMO energy gap, which are strongly dependent on the disposition of the hydroxyl groups on the fullerene surface. As can be seen, the energy gap obtained for the more symmetrical C 60 (OH) 8 structure ( figure 2(a) ) is a little reduced in comparison to pristine C 60 , whereas for the less symmetrical C 60 (OH) 8 structure ( figure 2(b) ) the bandgap is considerably reduced because of the additional states around the Fermi level ( figure 3(b) ). Partial charge densities associated with these states are shown in figure 4 (left) . In the case of C 60 (OH) 8 , both HOMO and LUMO states consist of much more degenerate p states in the symmetrical structure than in the less symmetrical one. It becomes clear from this point that the precise position of the OH groups plays an important role to control the electronic states in the gap of these complexes.
Also, this feature can be reinforced by considering the two structural isomers of C 60 (OH) 10 figure 4 (right). These electron densities are in agreement with the DOS exhibited in figures 3(c) and (d). The right attribution of these states is shown in detail in our calculated projected-DOS given in figure S2 (PDOS given in the supplementary data (available at stacks.iop.org/Nano/19/365703)). Up to this point these results have already revealed interesting aspects concerning the structural and electronic properties of some moderately hydroxylated fullerenes. Going to higher hydroxylated systems, such as C 60 (OH) 16 and C 60 (OH) 18 , shown in figures 2(e) and (f), respectively, and C 60 (OH) 24 (figure S3 in the supplementary data available at stacks.iop.org/Nano/19/365703), we also observe similar tunable electronic properties. These are clearly dependent on the distribution of adsorbed OH groups on the surface. Besides, the specific location of each hydroxyl group will have an important effect on the stability of all these species.
The calculated enthalpy of formation (equation (1)) of a series of fullerenols as a function of the OH number is shown in figure 5 . Only the lower energy isomers are considered in this graph. For instance, the isomers with 8 and 10 hydroxyl groups correspond to structures (a) and (c), respectively, already presented in figure 2 . Evidently, this is a small sample of many different isomers, however it can indicate the stability tendency of highly hydroxylated fullerenes. Furthermore, considering the relative energy of these species, we obtain small energy differences for the isomers. In the case of the less symmetrical C 60 (OH) 8 ( figure 2(b) ) the enthalpy of formation is only 1.5 eV higher than the corresponding enthalpy of the isomer displayed in figure 2(a) . A similar relative stability is obtained for the two C 60 (OH) 10 isomers shown in figures 2(c) and (d), for which the open-cage structure is less stable by 2.2 eV with respect to the structure given in figure 2(c) .
Indeed, as can be seen in figure 5 , the enthalpy of formation increases dramatically for higher hydroxylated fullerenes. Conversely, a large number of hydroxyl groups (n > 36) adsorbed on the fullerene surface can lead to unstable open-cage structures [31] . It is also interesting to notice that − H F /n can be interpreted as the adsorption enthalpy of the OH groups on the fullerene surface (see the inset in figure 5 ). Then, considering the adsorption of a single OH group we obtain a value of 1.54 eV, which indicates a mild chemisorption on the carbon cage, while for 24 OH groups well distributed on the C 60 cage we obtain an adsorption enthalpy of 2.22 eV. The adsorption enthalpy increases for highly hydroxylated systems, i.e. for n = 32 and 36, for which we have estimated values of 2.8 and 3.4 eV, respectively, at the B3LYP/6-31G(d,p) level. From this point the molecular stability of the fullerenols with more numerous hydroxyl groups (n = 40-44) [31, 32] will largely depend on the particular location of these groups.
From the energetic analysis, we observe that highly polyhydroxylated fullerenes can give rise to structures with high chemical stability. Among these species, the optical absorption spectra of C 60 (OH) [24] [25] [26] [27] [28] are of wide interest [25] . This is the case of C 60 (OH) 24 that, additionally to its high formation energy, has a large HOMO-LUMO energy gap (as shown in the supplementary data, figure S4 (available at stacks.iop.org/Nano/19/365703)). These results seem to be in connection with the low cytotoxicity of a water-soluble C 60 (OH) 24 isomer investigated by Sayes et al [17] , when compared to colloidal solutions of C 60 nanoparticles. In order to better understand the 'inert' behavior of this fullerenol isomer, it is interesting to carefully analyze the calculated DOS of our proposed C 60 (OH) 24 structure, shown in figure S4 (available at stacks.iop.org/Nano/19/365703). We can clearly notice a shift of the valence band to lower energies and the conduction band to higher energies, in comparison with the uncovered carbon cage. This effect is similar to the well-known quantum confinement effect observed in nanocrystals [41] , which increases the bandgap as the system size decreases.
Also, from the present theoretical investigation we can address questions related to the optical properties of highly hydroxylated fullerenes. As already reported here, these structures can form hydrophilic species and are of great interest for diverse biological applications involving Figure 6 . Calculated optical absorption spectra of C 60 (OH) 18 (a) and C 60 (OH) 24 (b) in the gas phase, with the BLYP/DZP level of theory. The calculations are performed from the position operator matrix elements between occupied and unoccupied single-electron eigenstates using first-order time-dependent perturbation theory (see more information in [36] ). Gaussian functions with a width of 0.1 eV have been used to simulate a finite broadening of the spectra. prominent photosensitizer properties. To investigate the optical spectra, we use the approach based on the dipolar transition matrix elements between different eigenfunctions of the selfconsistent KS Hamiltonian, considering corrections due to the nonlocality of the pseudopotentials [36] . By using this approach, we analyze the optical properties of C 60 (OH) 18 and C 60 (OH) 24 . The calculated optical absorption spectra in the gas phase of these fullerenol isomers are given in figure 6, in the 0-8 eV energy range. As shown in figure 6(a) , a small absorption in 0.19 eV is obtained in the C 60 (OH) 18 spectrum. Nevertheless, the absorption properties in the 0-1 eV energy range are strongly dependent on the specific geometry ( figure 2(e) ) of the hydroxylated system. Indeed, the measurable absorptions seem to occur at 1.78 eV. This value is in agreement with experimental measurements of transient absorption [42] for C 60 (OH) 18 , which give a broad band around 650 nm, or equivalently at ca. 1.91 eV. Now, considering the absorption spectrum of the C 60 (OH) 24 structure given in figure S3 (available at stacks.iop.org/Nano/19/365703) we observe the first absorption peak at higher energies around 3.49 eV ( figure 6(b) ). Once again, this is in line with the total absence of optical transitions in the visible region of the spectra of fullerenol molecules containing between 24 and 28 OH groups [22] . Moreover, this is a good indicator of quantum confinement effects in this system and, consequently, of its high chemical stability in different environments. Actually, it has not been verified experimentally, from optical absorption measurements [25] of highly hydroxylated mixtures of C 60 (OH) [24] [25] [26] and conjugated polymers, that there are appreciable changes in the absorption spectra of the fullerenols. This suggests that the polyhydroxylation of the fullerene cage may lead to a protective solvent layer, avoiding additional chemical attacks on the fullerenol surface or even strong interactions with the solvent. In contrast, the lower hydroxylated fullerenes seem to form more reactive species since their coverage is still below a complete monolayer.
Conclusions
We conclude this paper summarizing important features concerning the fullerenol molecules obtained by means of reliable DFT calculations. Our detailed electron structure analysis has shown that the degree of hydroxylation, along with the precise location of the OH groups, plays a crucial role in achieving tunable optical properties from fullerenols. For example, we have shown these molecules can exhibit bandgaps in a wide energy range by varying the disposition of the adsorbed hydroxyl groups, as in the case of the two isomers of C 60 (OH) 8 and C 60 (OH) 10 shown in figures 2(a)-(d). Consequently, the optical absorption properties of the fullerenols also depend on the external distribution of OH groups on the fullerene surface, as exhibited in the case of C 60 (OH) 18 and C 60 (OH) 24 , given in figures 6(a) and (b), respectively.
Another important role of the hydroxyl group distribution, which appears for highly coated species (e.g. n = 24, 32 and 36), is related to their chemical reactivity. This was shown by the calculated adsorption enthalpy (figure 5), although a large number of hydroxyl groups (n > 36) can lead to unstable open-cage molecules. Also, quantum confinement effects may lead to negligible interactions between highly hydroxylated fullerenes and the surrounding solvent molecules. Such an effect has appeared in our proposed C 60 (OH) 24 isomer. All these theoretical findings have been consistent with diverse experimental studies reported here, but more importantly, have yielded valuable information in the sense of identifying precise structures at the nanometer scale based on the electronic structure analysis.
